Our study evaluated the diagnostic capability of flow density (FD) in OCT angiography (OCTA) for diabetic retinopathy (DR) detection in diabetic patients. We studied 93 eyes of 68 diabetic patients who underwent OCTA (36 and 57 eyes without and with DR, respectively). Retinal capillary FD of a 2.6 × 2.6 mm 2 area and four divided areas at the superficial (SCP) and deep capillary plexus (DCP) were measured. Predictions were evaluated using the area under the receiver operating characteristic curve (AUC). The diagnostic capabilities of the FDs in discriminating between eyes without DR and eyes with total or early DR were compared. Furthermore, predictions with foveal avascular zone (FAZ) area, hemoglobin A1c (HbA1c), and DM duration were also compared with FD. Prediction using FD AUC in the temporal side in the DCP (0.83) was the highest and significantly better than all other AUCs examined (P < 0.05), including discriminating between eyes without DR and with early DR (P < 0.01). Prediction using this particular AUC was also significantly better than that by FAZ area and HbA1c (P < 0.001 and <0.001, respectively). Area-divided FD in OCTA may be valuable for diagnosing retinopathy in diabetic patients.
Results
A total of 93 eyes of 68 patients (21 female) were evaluated in this study (60 right eyes and 33 left eyes). Thirty-six eyes had no diabetic retinopathy (NDR) while 57 eyes did, including 40 with early DR (15 with mild nonproliferative diabetic retinopathy (NPDR) and 25 with moderate NPDR) and 17 with late DR (six with severe NPDR and 11 with proliferative diabetic retinopathy (PDR)). Detailed patient characteristics are shown in Table 1 . There was no statistical difference in age, HbA1c and axial length between the two groups (P = 0.44, P = 0.27, P = 0.28, respectively). However, DM duration of the DR group was significantly longer than that of the group without DR (P = 0.01). One and five patients with type 1 DM were included in the NDR group and DR group, respectively.
Retinal Flow Density of Subjects.
The FAZ area (mean ± SD) of the NDR, mild and moderate NPDR and DR groups were 0.34 ± 0.12 mm 2 , 0.35 ± 0.10 mm 2 and 0.42 ± 0.18 mm 2 , respectively. While there was no significant difference in FAZ area between the NDR group and the mild and moderate NPDR group (P = 0.96), the FAZ area of the DR group were significantly larger than that of the NDR group and the mild and moderate NPDR group (P = 0.02 and 0.04, respectively). FD values in all regions of the superficial capillary plexus layer (SCP) and deep capillary plexus layer (DCP), and the orientation bias ratio of FD in the SCP and DCP of the DR group were significantly smaller than those of the NDR group. However, FD values in all regions and the orientation bias ratio of FD in the mild and moderate NPDR group were significantly smaller than those of the NDR group in DCP but not in SCP ( Table 2 ). The FD of each area and the orientation bias ratio of the NDR, mild and moderate NPDR, and all DR groups are respectively shown in Table 2 . Figure 1 shows representative cases of NDR and mild NPDR. The NPDR case showed local capillary dropout and higher orientation bias compared with the NDR case although whole FD in NPDR was not decreased as compared with that of NDR.
Area Under the Curve. Next, based on FD, we calculated the area under the ROC curve (AUC) of each region and the orientation bias ratio of FD to evaluate the DR detection ability ( Table 3 ). The region with the greatest AUC was the temporal side in the DCP (0.83; 95% CI = 0.73-0.90). The AUC of the temporal side in the DCP was higher than that of the other nine regions and the orientation bias ratio in the SCP and DCP (P < 0.05). Thereafter, we compared the ability of FD of the temporal side in the DCP with other parameters such as FAZ area, HbA1c, and DM duration. The FD of the temporal side in the DCP had significantly higher AUC than FAZ area and HbA1c but not DM duration (P < 0.001, <0.01 and 0.08 respectively) ( Table 4 , Fig. 2A ). Furthermore, www.nature.com/scientificreports www.nature.com/scientificreports/ we also calculated the AUC of each region and the orientation bias ratio of the FD to discriminate between NDR and eyes with mild or moderate NPDR. The FD of the temporal side in the DCP also had significantly higher AUC than the FD of the whole area in the DCP (P < 0.01 respectively) ( Table 5 , Fig. 2B ). 
Discussion
Fundus photographs and fundus examination have been the gold standard for DR screening 4 . Microaneurysm detection is based on current international severity classification based on fundus findings 12 , and a previous pathology could indicate the presence of microaneurysms around the capillary dropout in DR 11 . It is possible that ischemia-induced VEGF generates microaneurysms [20] [21] [22] . Furthermore, it has been reported that OCTA cannot image all microaneurysms 23 . These reports motivated us to hypothesize that capillary dropout detection is fundamental to early DR detection. Our study shows that the FD by OCTA representing vascular nonperfusion at the capillary level is useful for diagnosis.
Various studies with OCTA have confirmed enlarged FAZ in eyes with DR 24 . However, large interindividual variability of FAZ has also been reported 25 . Our study analysis showed that the AUC of FAZ was relatively low. This indicates FAZ measurement might be unsuitable for DR diagnosis despite its significant correlation with visual acuity 26 .
Previous pathology and imaging studies have reported that vascular abnormalities occur more frequently in the temporal area than in the nasal area 27, 28 . We also confirmed this spatial bias of DR-related vascular damage at the capillary level with OCTA and it could only be detected in the DCP in DR 18 . Interestingly, our results found a significant difference in the ability of different areas to detect DR and early DR as measured by AUC. Table 4 . Area Under the ROC Curve (AUC) of FD of the Temporal Side in the DCP and Other Parameters. Each P value represents significance in comparison between FD of the temporal side in the DCP and other parameters regarding discrimination between NDR and eyes with any stage of DR. Furthermore, our data showed that region-specific measurement of FD is more useful for DR diagnosis than FD of the whole retina. Various OCTA quantitative data have also demonstrated that the FD in some NDR cases was higher than in some NPDR cases as shown in Figure 1 , although the average NDR FD was significantly lower than the average NPDR FD [16] [17] [18] . We recently reported that DR-related capillary dropout arises locally and randomly with OCTA 18 . The quantitative analysis showed spatial bias of FD in DR eyes 18 . The clinical relevance of the spatial pattern of capillary dropout in DR has not yet been determined. In this study, however, the AUC of spatial bias was not as high as that of region-specific FD. Even in early DR, there may be cases where capillary dropout occurs across several areas.
Although color fundus photographs are widely used for detection of DR 4 , there are several disadvantages to it as compared with OCTA. First, color fundus photographs and ocular examination require pupil dilation which temporarily worsens the patient's vision while OCTA does not. Second, the quality of color fundus photographs is affected by the presence of cataract while OCTA is less affected as OCTA utilises a long laser light. Third, ocular examination is a subjective method and thus exhibits inter-rater variability, whereas OCTA is objective and the data from OCTA is highly reproducible even in DR patients 29 . These factors further contribute to the usefulness of OCTA for detection of DR.
This study has the limitations inherent in any study of limited sample size. Another limitation is the exclusion of patients with macular edema or vitreous hemorrhage although these patients are representative of DR pathogenesis. Furthermore, this study included both eyes from some participants while only one eye from some patients. This might affect the accuracy of this study. An additional limitation is the small field of view, although vascular abnormalities frequently occur in the periphery of DR.
OCTA can noninvasively and quantitatively measure FD of the retinal vessels at high reproducibility without mydriasis 30 . Therefore, our current data suggests that FD quantitation in OCTA may be useful to detect DR in DM patients. Future investigation in a larger cohort is necessary to validate our results.
Methods
This study was approved by the Institutional Ethics Committees of the Kyushu University Hospital (28-473, UMIN 000028656), and was performed in accordance with the ethical standards laid down by the Declaration of Helsinki. Written informed consent for the research and publication of this study and any accompanying images was obtained from all participants.
Participants. This retrospective, observational and cross-sectional study included 93 eyes of 68 consecutive patients with type 1 or type 2 DM. All patients underwent OCTA at Kyushu University Hospital between November 2014 and November 2017. Exclusion criteria included the presence of significant DME. Furthermore, we also excluded eyes with poor quality OCTA images due to cataract, vitreous hemorrhage or poor fixation. In this study, all fundus examinations were performed by two retina specialists (SN, MA).
Optical coherence tomography angiography. We obtained all OCTA images (superficial and deep) using the RTVue XR Avanti (Optovue Inc, Fremont, California, USA). This instrument has an A-scan rate of 70, 000 scans per second, using a scan light centered at 840 nm with a bandwidth of 45 nm. The tissue resolution is 5 µm axially. Each B-scan contained 216 A-scans. Five consecutive B-scans (M-B frames) were captured at a fixed position before proceeding to the next sampling location. The scanning areas were a 3 × 3 mm cube centered on the fovea, and we obtained retinal microvascular map images of these areas using OCTA. For each scan, superficial and deep layer OCTA images were generated based on the full automatic retinal segmentation performed by the OCT device software. The definitions of the segmentation are as follows. The SCP was defined by the top layer being the inner limiting membrane (ILM) with a 3 micron offset, and the bottom layer being the inner plexiform layer (IPL) with a 15 micron offset. The DCP was defined by the top layer being the IPL with an offset of 15 microns and the bottom layer being the IPL with an offset of 70 microns. Moreover, each en face 3 × 3 mm OCTA image (SCP and DCP) was cropped to a 2.6 × 2.6 mm square image centered on the fovea, because we predicted that the "angio FLOW" marks displayed on lower left of the 3 × 3 mm en face images would affect the quantitative results of the FD.
Foveal avascular zone measurement. FAZ area was defined as the inside area of the inner boundary of the central capillary ring in the en face SCP image. Each FAZ area was manually traced using Image J software (version 1.51f; http://imagej.nih.gov/ij/; provided in the public domain by the National Institutes of Health, Table 5 . Area Under the ROC Curve (AUC) of FD of the Temporal Side in the DCP and Other Parameters. Each P value represents significance in comparison between FD of the temporal side in the DCP and other parameters regarding discrimination between NDR and eyes with mild or moderate NPDR.
